Two archaeal tRNA methyltransferases belonging to the SPOUT superfamily and displaying unexpected activities are identified. These enzymes are orthologous to the yeast Trm10p methyltransferase, which catalyses the formation of 1-methylguanosine at position 9 of tRNA. In contrast, the Trm10p orthologue from the crenarchaeon Sulfolobus acidocaldarius forms 1-methyladenosine at the same position. Even more surprisingly, the Trm10p orthologue from the euryarchaeon Thermococcus kodakaraensis methylates the N 1 -atom of either adenosine or guanosine at position 9 in different tRNAs. This is to our knowledge the first example of a tRNA methyltransferase with a broadened nucleoside recognition capability. The evolution of tRNA methyltransferases methylating the N 1 atom of a purine residue is discussed.
INTRODUCTION
Cellular RNAs possess numerous chemically modified nucleosides, but the largest number and the greatest variety are found in transfer RNA (tRNA). These modifications are introduced by many different enzymes during the complex process of RNA maturation. The functions of these modified nucleosides are not well known, but it seems that modifications in the anticodon region play a direct role in increasing translational efficiency and fidelity, while modifications outside the anticodon region are typically involved in the maintenance of the structural integrity of tRNA. Among naturally occurring nucleoside modifications, base and ribose methylations are by far the most frequently encountered (1, 2) . These methylations are catalysed by tRNA methyltransferases (MTases) that use S-adenosyl-L-methionine (AdoMet) as the methyl donor, with a single exception of a recently identified enzyme, which uses a folate as the methyl donor (3) .
AdoMet-dependent MTases belong to at least seven evolutionarily and structurally unrelated classes/ superfamilies (4) (5) (6) . Most of the known RNA MTases belong to class I. They possess a fold similar to the Rossmann fold, and are therefore called Rossmann fold MTases (RFM). The structure comprises a seven-stranded b sheet with a central topological switch-point and a characteristic reversed b hairpin at the carboxyl end of the sheet (6"7#5"4"1"2"3"). This b sheet is flanked by a helices to form an aba sandwich (4) . RFM enzymes are typically monomeric although di-tri-or tetrameric structures have been reported. Class IV MTases, also named the SPOUT class MTases, a nomenclature coming from the first two members of this class, SpoU and TrmD, act also on RNA, but are structurally different from the class I MTases (7) . They possess a five-stranded b sheet core (5"3"4"1"2") flanked by seven a helices. The most characteristic feature of these enzymes is the presence of a deep topological knot in the C-terminal part of the sheet. This knot is responsible for AdoMet binding. All known SPOUT MTases are dimers, with the catalytic site formed at the interface of two monomers (8) .
There are only a few archaeal tRNA specific MTases functionally characterised to date. Those MTases can be very different in terms of structure, of target or in their mechanism. Some act as base MTases, while others are ribose MTases. Among the MTases acting on ribose, there exist two kinds of methylation pathways. In the first one, called 'all-protein enzyme', the MTase recognizes on its own the target nucleoside and catalyses the methyl transfer on the ribose. The second mechanism involves an MTase taking part of a ribonucleoprotein (RNP) complex, in which the recognition of the target nucleoside is carried out by a small guide RNA. In different organisms, the same modification can be accomplished by the two different mechanisms. This is the case of the Cm56 ribose methylation of tRNA in Archaea. In Pyrobaculum aerophilum, this modification is catalysed by a RNP complex, where the small RNA sR35 targets the C56 nucleoside for modification by a protein catalytic subunit, a member of the RFM superfamily (9) . This case is an exception in Archaea, because all other archaeal genomes sequenced to date possess a SPOUT MTase homologous to aTrm56 from Pyrococcus abyssi, which catalyses non-guided methylation of C56 (9, 10) .
The six archaeal RFM MTases characterised to date act on the base of nucleosides. Trm-G10 from P. abyssi methylates or dimethylates guanosine 10 from tRNA to form m 2 G10 or m 2 2 G10 (11, 12) . The same modification can be found at position 26 of tRNA and is catalysed by Trm-G26 (also known as Trm1) (13, 14) . The MTase encoded by the open reading frame (ORF) PAB1947 from P. abyssi acts on several cytosines in tRNA to form m 5 C, with a preference for C49. The specificity of this MTase for C49 is increased by an archaease (15) . Another important tRNA MTase identified in Archaea is Trm5, which methylates G37 in tRNA (16) . Guanosine in position 37 is commonly methylated to form m 1 G37 in tRNA from organisms belonging to the three domains of life, and this modification prevents frame-shifting by assuring correct codon-anticodon pairing (17) . The tRNA MTase TrmU54 catalyses the methylation of atom C 5 in uridine to form ribothymidine in tRNA from P. abyssi (18) . This modification is invariably found at position 54 in the TÉC loop of tRNAs of most organisms. And finally, the MTase TrmI from P. abyssi catalyses the methylation of position N 1 of adenosine to form m 1 A. This enzyme displays region specificity, methylating A58 and A57 from TÉC loop of tRNA, m 1 A57 being the obligatory intermediate in the biosynthesis of 1-methylinosine (m 1 I) (19) . Until now, only one tRNA from hyperthermophilic archaea has been fully sequenced, the initiator methionine tRNA from the crenarchaeon Sulfolobus acidocaldarius (20) . This tRNA contains 10 modified nucleosides, 9 of them bearing a methylation either on the base or on the ribose, or even both on base and ribose. However, the nature of the modified nucleoside at position 9 is unknown. In yeast, some tRNAs with a guanosine at this position are methylated by the Trm10p MTase, to form m 1 G9 (21) . As a protein distantly related to the yeast enzyme is encoded by the Saci_1677 gene of S. acidocaldarius, it could be a potential candidate for the modification at position 9 of S. acidocaldarius tRNA Met i .
In this article, we show that the S. acidocaldarius Saci_1677p enzyme indeed acts at position 9 of tRNA, catalysing m 1 A formation. Furthermore, in Euryarchaeota, the homologous protein from Thermococcus kodakaraensis also acts at position 9 of tRNA, but catalyses both m 1 A and m 1 G formation. To our knowledge, this is the first MTase found to methylate the two purine bases at the same position.
MATERIALS AND METHODS

Strains, media, growth conditions and general procedures
Pwo DNA polymerase, T4 DNA ligase, T7 RNA polymerase, and T4 polynucleotide kinase were purchased from Roche. Ribonuclease A was from Fermentas. Genomic DNA from T. kodakaraensis was a gift from H. Grosjean (CNRS, France) and T.J. Santangelo (Ohio State University, USA). Genomic DNA from S. acidocaldarius was a gift from D. Charlier (VUB, Belgium). The S. cerevisiae Trm10-GST clone plasmid (pYCG_YOL93w) and S. cerevisiae Y16243 strain (BY4742; MAT; his3D1; leu2D0; lys2D0; ura3D0; yol093w::kanMX4) were purchased from Euroscarf.
Cloning of the T. kodakaraensis TK0422 ORF, S. acidocaldarius Saci_1677 ORF and of S. cerevisiae TRM10 ORF The TK0422 ORF was amplified from T. kodakaraensis genomic DNA using Pwo polymerase (Roche) and the primers TKF (5 0 -CTAGCATATGAAGACCCTCGCAG ATG-3 0 ) and TKR (5 0 -CTAGCTCGAGTCAGCAGTTG TAGCAGAGC-3 0 ) containing the NdeI and XhoI restriction sites, respectively. After cloning the PCR product in pCR-Blunt vector (Zero Blunt Õ , Invitrogen), the NdeI/XhoI fragment was extracted and cloned in pET-28b expression vector (Novagen), generating the pTK1 plasmid, allowing expression of an N-terminal His-tagged T. kodakaraensis protein in Escherichia coli. The Saci_1677 ORF was amplified from S. acidocaldarius genomic DNA using Pwo polymerase (Roche) and the primers SAF (5 0 -CTAGCATATGACACTTGCAAAGG TTTTTTCGC-3 0 ) and SAR (5 0 -CTAGCTCGAGTCAA TTTTTTCCCAGTCTAC-3 0 ) containing the NdeI and XhoI restriction sites, respectively. After cloning the PCR product in pJET1.2/blunt cloning vector (CloneJET TM Fermentas), the NdeI/XhoI fragment was extracted and cloned in pET-28b expression vector, generating the pSA1 plasmid, allowing expression of an N-terminal His-tagged S. acidocaldarius protein in E. coli. The TRM10 ORF was amplified from the Trm10-GST clone using Pwo polymerase (Roche) and the primers SCF (5 0 -CTACATATGTCCAATGATGAGATAAAC C-3 0 ) and SCR (5 0 -CTACTCGAGTGTGTCCTTTGGA GCTGG-3 0 ) containing the NdeI and XhoI restriction sites, respectively. After cloning the pCR product in pJET1.2/blunt cloning vector, the NdeI/XhoI fragment was extracted and cloned in pET-28b expression vector, generating the pSC1 plasmid, allowing expression of an N-terminal His-tagged S. cerevisiae protein in E. coli. The sequences of all clones were checked.
Expression and purification of the recombinant T. kodakaraensis TK0422p, S. acidocaldarius Saci_1677p and S. cerevisiae Trm10p
The His-tagged TK0422p, Saci_1677p and Trm10p recombinant proteins were expressed in E. coli strain Rosetta (DE3) (Novagen) carrying extra copies of tRNA genes (argU, argW, ileX, glyT, leuW, proL, metT, thrT, tyrU and thrU) specific for rare E. coli codons, to aid this expression. Freshly transformed cells were grown to an OD660 of 0.5-0.6 at 37 C in 1 l of Luria broth with kanamycin (30 mg/ml).
Isopropyl-b-D-thiogalactopyranoside (IPTG) (Roche Diagnostics) was then added to a final concentration of 1 mM to induce recombinant protein expression. Cells were harvested after 3 h incubation at 37 C and resuspended in 100 ml of buffer A (Tris-HCl 50 mM pH 8, KCl 500 mM) complemented with protease inhibitors (Complete, EDTA-free protease inhibitor; Roche Diagnostics) prior to cell disruption by sonication. The lysate was cleared by centrifugation (20 000g for 30 min), and was applied to a ChelatingSepharose fast flow column (GE Healthcare) charged with Ni 2+ and equilibrated with buffer A. The column was washed with the same buffer, and the adsorbed material was eluted with a linear gradient (210 ml, from 0 to 1.0 M) of imidazole in buffer A. The fractions containing TK0422p, Saci_1677p and Trm10p were separately pooled. The purified proteins were then submitted to a gel filtration chromatography (Superdex G200; GE Healthcare), leading to almost completely pure TK0422p, Saci_1677p and Trm10p.
T7 in vitro transcription of tRNA genes
The general procedure for generating in vitro transcripts of tRNA genes is based on the method described previously (22) . The sequence of the DNA product obtained after amplification of S. acidocaldarius genomic DNA with oligonucleotides MK1 (5 0 -TCTGCGTAATACGACTC ACTATAGGCGGCGTAGGGAAGCCTGGTATCC C-3 0 ) and MK2 (5 0 -TCTGCGCTGCAGTGGTGGCGGC GCCTGGATTTGAACCAGGGACCTCAGGGTTA-3 0 ) together with the sequence of this region of the genome in the database revealed differences with that of the tRNA Met i sequence (20) . The amplification product for in vitro transcription was therefore corrected in respect to the published tRNA sequence (D-loop in the published sequence was ACUGGGAGUA and the corrected sequence is AGCCUGGUA). The sequence coding for S. acidocaldarius tRNA 
tRNA MTase assays
The two types of tRNA MTase assays used in this work were described in (23) . The first method consisted of measuring the amount of 14 C transferred to total yeast tRNA (Y16243 strain), or total E. coli tRNA using [methyl- 14 C]AdoMet as the methyl donor. The reaction mixture (300 ml) consisted of 50 mM Tris-HCl pH 8, 10 mM MgCl 2 , 100 mg total tRNA, 25 nCi [methyl- 14 C]AdoMet (50 mCi/mmol; GE Healthcare) and enzyme. The effect of TK0422p concentration on the MTase reaction was carried out using 80 mg total E. coli tRNA, and variable amount of TK0422p (5, 2.5, 1, 0.5 and 0.01 mg). The effect of pH on MTase reaction was measured using 50 mg E. coli tRNA as substrate and 5 mg enzyme. The buffers were: acetate buffer pH 4.8, MES buffer pH 5.5, phosphate buffer pH 7, HEPES buffer pH 7, CHES buffer pH 9 and CAPS buffer pH 9.75. All buffers concentrations were 50 mM. The second type of tRNA MTase assay involved in vitro transcribed, C. As a control, transcripts were incubated in the MTase assay conditions, but without enzyme. Then the reaction was stopped by phenol extraction, transcripts were ethanol precipitated and the pellet was resuspended in 30 ml of RNase A buffer (Tris-Cl 10 mM pH 7.5, 15 mM NaCl). The resuspended solution was heated at 85 C for 5 min and then slowly cooled down to 37 C. Then 10 mg of RNAse A was added and the digestion was carried out for 1 h at 70 C. Half of the RNase A digestion was 5 0 -end radiolabelled with 50 mCi of [g 32 P] ATP and 20 units of T4 polynucleotide kinase. The radiolabelled fragments were then separated by 20 or 30% polyacrylamide gel electrophoresis and revealed by autoradiography. The 8-nt long fragments (A9 or G9 at 5 0 -end), and 5-nt long fragments (control) were identified by their position and their intensities on the autoradiogram, excised from the gel and eluted overnight at 45 C in 200 ml water. Subsequently, they were digested by P1 nuclease and mononucleotides were separated by 2D-TLC as described in the MTase assay. The radiolabelled nucleotides present at the 5 0 -end of the fragments were revealed by autoradiography.
Sequence analyses
Searches of the current version of non-redundant sequence database (nr) were carried out using a local version of PSI-BLAST (25) with E-value threshold of 1e -5, until convergence. This threshold ensured identification of members of the Trm10 family, without paralogous members of other, more distantly related families of the SPOUT superfamily. All sequences were extracted and a multiple sequence alignment was calculated using MUSCLE (26) . Structure prediction was carried out via the GeneSilico metaserver (27) .
RESULTS
Sulfolobus acidocaldarius
Since Saci_1677p and TK0422p are distantly related to S. cerevisiae Trm10p, the activities of these enzymes were tested in vitro using unfractionated (bulk) tRNA from the S. cerevisiae Y16243 strain (in which the TRM10 gene is inactivated) as substrate. The purified recombinant proteins (see 'Materials and Methods' section) were incubated at 30 C for the yeast enzyme, and at 50 C for the archaeal enzymes for an hour with [methyl-
14 C]AdoMet and tRNA. The choice of a reaction temperature of 50 C was based on a compromise between hyperthermophilic enzyme activity and mesophilic tRNA stability. After incubation, the tRNA was recovered by phenol extraction and ethanol precipitation and further completely hydrolysed into 5 0 -phosphate nucleosides by nuclease P1. The resulting hydrolysates were then analysed by 2D-TLC followed by autoradiography. The results presented in Figure 1 confirm that S. cerevisiae Trm10p catalyses formation of one single radioactive compound with migration characteristics identical to 1-methylguanosine (m 1 G) 5 0 -phosphate according to reference maps (24) . Interestingly, the S. acidocaldarius enzyme catalyses the formation of one single radioactive compound, but it corresponds to 1-methyladenosine (m 1 A) 5 0 -phosphate. Surprisingly, the T. kodakaraensis TK0422p enzyme catalyses formation of two radioactive compounds, m 1 A and m 1 G in tRNA. The enzyme TK0422p forms approximately the same amount of m 1 A and m 1 G when the tRNA of the yeast strain Y16243 is used as substrate. Given that occurrence of A9 and G9 in this tRNA population is almost equal ($50% each) this result indicates that the enzyme TK0422p does not show any preference for one of these two nucleosides.
To further confirm the activities of the archaeal enzymes, the MTase activity assay was carried out as described above on unfractionated E. coli tRNA. The rationale behind using bulk E. coli tRNA arises from the fact that position 9 of E. coli tRNA is never modified. The results shown in Figure 2 confirm those obtained using tRNA from the yeast Y16243 (trm10::kan) strain. Indeed, the Saci_1677p from S. acidocaldarius catalyses the formation of m 1 A, while the TK0422p from T. kodakaraensis catalyses the formation of two radioactive compounds, m 1 A and m 1 G. The ratio m 1 A/m 1 G is higher than what we observed using tRNA from the yeast Y16243 strain. This is consistent with the fact that there are about two times more tRNAs with A9 than with G9 in E. coli. Again, this confirms the absence of preference of TK0422p for one of these two nucleosides. To our knowledge this is the first description of a tRNA MTase with a broadened substrate recognition capability. Interestingly, T. kodakaraensis TK0422p methylates atom N 1 of both adenosine and guanosine, whose protonation states are different at physiological pH. Indeed, position N 1 of adenosine is unprotonated at physiological pH, whereas position N 1 of guanosine is protonated. To get some insight into the catalysis by TK0422p, influence of the pH on the methylation reaction was analysed (Table 1) To get some insight into the in vivo activity of T. kodakaraensis TK0422p, total tRNA was extracted from the E. coli strains expressing or not TK0422p. The tRNA preparations were then hydrolysed by P1 nuclease, snake venom phosphodiesterase and alkaline phosphatase and the resulting mononucleosides were analysed by HPLC ( Figure 6 ). As E. coli does not naturally possess any tRNA (m 1 A) MTase, no m 1 A could be detected in tRNA from the control strain. On the other hand, a small amount of m 1 G could be detected, consistent with the presence of a tRNA m 1 G37 activity in E. coli. When we then analysed the HPLC profile of the tRNA from the 
DISCUSSION
In this work, we have identified and characterised two archaeal orthologues of Trm10p from S. cerevisiae. We have shown that the protein Saci_1677p from the crenarchaeon S. acidocaldarius catalyses N 1 methylation of an adenosine to form m 1 A at position 9 of tRNA. Our data also show that Saci_1677p is specific for A9 of tRNA substrates. Interestingly, we have shown that the orthologous protein TK0422p from the euryarchaeon T. kodakaraensis catalyses both m 1 A and m 1 G formation in tRNA. We have demonstrated that both m 1 A and m 1 G are formed at position 9 of tRNA. To our knowledge, this is the first description of an MTase with a broadened nucleoside recognition capability. It is interesting to point out that the protonation state of position N 1 of both adenosine and guanosine differs at physiological pH. Indeed, the N 1 atom of adenosine is not protonated at this pH, while the same position of guanosine bears a proton. This difference of protonation state raises questions about the enzymatic mechanism of TK0422p. In this article, we have shown that the pH of the methylation reaction has an influence on the efficacy of m 1 A or m 1 G formation. Indeed, the relative efficiency of m 1 G formation by TK0422p increases with increasing pH, especially at pH values above 9.5 which corresponds to the pKa of N 1 of G (28) . This could reflect the need of this enzyme to deprotonate G to be able to catalyse the methyl transfer, although other possibilities are not excluded, such as an influence of pH on tRNA or enzyme structure. Figure 7 illustrates sequence conservation between Trm10p from yeast and the two archaeal proteins analysed in this work. According to structure prediction methods, the catalytic core of the SPOUT domain spans residues 100-260 of TK0422p (and the corresponding positions in the homologous sequences), and includes five b-strands and six a-helices. The N-terminus is conserved only between the archaeal proteins, but not with the eukaryotic protein. Due to uncertain alignments with known SPOUT structures we were unable to generate a confident 3D model of the catalytic domain, nonetheless the mapping of clusters of conserved residues on predicted secondary structures suggests that the active site is composed of nearly invariant (on the level of the whole family) residues D104, Q122 and D206 (numbering for TK0422p). Interestingly, there appears to be no equivalent catalytic residues between the Trm10p family and the bacterial TrmD family of m 1 G MTases, also members of the SPOUT superfamily that act on the position G37 in tRNA (29) . This suggests that the N 1 purine methylation activity has evolved independently at least two times in the SPOUT superfamily. Independent origin of the N 1 purine methylation activity has been also postulated for MTases of the RFM superfamily, i.e. tRNA:m 1 A58 MTase TrmI, tRNA:m 1 A22 MTase TrmK, and 16S rRNA:m 1 A1408 MTase KamB, which also present different active sites despite the common fold of the catalytic domain (30, 31) . This variety of protein folds and active sites available to carry out the same type of reaction suggests that N 1 purine methylation is probably relatively easy for an enzyme to evolve (e.g. from an MTase of a different specificity).
Unfortunately, we were unable to identify a negatively charged residue conserved between TK0422p (m 1 G and m 1 A MTase) and Trm10p (m 1 G MTase) but absent from Saci_1677p (m 1 A MTase) that could explain the inability of the latter protein to deprotonate and methylate guanosine. Therefore, the molecular basis of the different specificities in the Trm10p family remains a mystery. This problem may be approached in the future by experimental determination of a high-resolution structure for one of the family members, characterisation of specificities of numerous additional members of the family, or by mutagenesis of individual members. In particular the availability of a crystal structure for a Trm10p family member would enable its comparison with the known structures of evolutionarily related TrmD MTases and would help to evaluate the hypothesis of convergent evolution of their active sites for an analogous reaction, upon homologous protein scaffold.
Interestingly, the distribution of Trm10p orthologues in Archaea is restricted to hyperthermophiles. We found single representatives of this family in Crenarchaeota (S. acidocaldarius, S. tokodaii, S. solfataricus, S. islandicus, Hyperthermus butylicus, Ignicoccus hospitalis, Aeropyrum pernix, Pyrobaculum aerophilum, P. arsenaticum, P. calidifontis, P. islandicum, Thermoproteus neutrophilus, Caldivirga maquilingensis, Metallosphaera sedula) and in Euryarchaeota (T. kodakaraensis, T. gammatolerans, T. onnurineus, T. barophilus, T. sibiricus, T. sp. AM4, Archaeoglobus fulgidus, Methanopyrus kandleri, Pyrococcus furiosus, P. abyssi and P. horikoshii), as well as in Nanoarchaeum equitans. On the other hand, Trm10p is absent from the mesophilic archaeon Halobacterium volcanii, which is known to lack m 1 A or m 1 G at position 9 (32) . This suggests that m 1 G or m 1 A modification may contribute to the thermostability of archaeal tRNAs.
A stabilizing function of base methylation has been recently identified for the m 7 G46 modification in a thermophilic bacterium T. thermophilus (33) . In tRNA crystal structures the base A9 is stacked between bases 45 and 46. Modelling of the S. acidocaldarius tRNA with and without modifications (data not shown) suggests that the methyl group of m 7 G46 would be located only about 5-6 Å from the methyl group of m 1 A9. However, G46 is not methylated in Archaea due to the absence of the TrmB family MTase responsible for this activity in Bacteria and Eukaryota (34) . The methyl group on residue A9 may fill a cavity between bases 45 and 46 and the backbone of residue 22. This could increase the surface of interaction between this residue and G46, which may contribute to the increased stability of the tRNA molecule. Furthermore, the positive charge on m 1 A may have a stabilisatory function due to electrostatic interactions with the neighbouring phosphate groups of residues 22 and 23. Thus, it is tempting to speculate that m 1 A9 may fulfil a similar stabilisatory role in thermophilic Archaea as m 7 G46 does in thermophilic bacteria.
